Abstract. Patterned Few-Layers Graphene (FLG) films were grown by local solid phase epitaxy from nickel silicide supersaturated with carbon. The process was realised by annealing of thin Ni films deposited on the carbon-terminated surface of a 6H-SiC semi-insulating wafer followed by wet processing to remove the resulting nickel silicide. Raman spectroscopy was used to investigate both the formation and subsequent removal of nickel silicide during processing. Characterisation of the resulting FLG films was carried out by Raman spectroscopy and Atomic Force Microscopy (AFM). The thickness of the final FLG film estimated from the Raman spectra varied from 1 to 3 monolayers for initial Ni layers varying from 3 to 20 nm thick. AFM observations revealed processinduced surface roughening in FLG films. However, electrical conductivity measurements by Transfer Length Method (TLM) structures confirmed that roughness does not compromise the film sheet resistivity.
Introduction
Graphene, a single atomic layer of hexagonally arranged carbon atoms, is considered as the most likely material of choice for the post-silicon era because of its unique electrical properties [1] . It has been intensively studied and many different methods of graphene formation have been developed. However the two most commonly used methods are (i) exfoliation of highly oriented pyrolytic graphite, which allows to produce mono or bi-layer graphene films [2] , and (ii) growth of few-layer graphene (FLG) films on hexagonal polytypes of SiC by silicon sublimation in vacuum [3] or argon [4] . Graphene formation on SiC surfaces yields large area films, suitable for further use in electronic devices, but this method requires annealing at temperatures usually exceeding 1500 °C to provide an efficient sublimation of Si atoms. The FLG thickness strongly depends on the process duration and temperature. Conversely, a controlled amount of silicon can be consumed from the SiC surface by the solid state chemical reaction between SiC and Ni. This reaction occurs at relatively low temperatures, starting at around 600 °C, where silicon sublimation does not occur. Since the solubility of carbon in nickel silicide does not exceed one percent, the excess carbon forms precipitates in relatively thick (of micron scale) nickel silicide films or highly textured graphitic flakes with basal planes parallel to the SiC surface in nanoscale films [5] . We have demonstrated recently that FLG films can be grown at the Ni 2 Si/SiC interface and that the nickel silicide can be removed selectively [6] . This method potentially allows the precise control of FLG film thickness and device geometry, and is compatible with standard patterning techniques.
This paper presents results from patterned FLG films grown by local solid phase epitaxy on semi-insulating 6H-SiC substrates from a nickel silicide supersaturated with carbon.
Experimental
Commercial 6H-SiC semi-insulating wafers [7] polished at NOVASiC [8] were used in this study. FLG films were grown on the C-face with on-axis orientation. The samples were cleaned by degreasing with organic solvents followed by RCA cleaning and oxidation in dry oxygen at 1100 °C for 6 h. After oxide removal in buffered oxide etch (BOE), 3 -20 nm thick nickel layers were deposited by e-beam evaporation at the base pressure of 1 × 10 -6 Torr or by magnetron sputtering. Immediately prior to placing the samples in the vacuum chamber, they were immersed in BOE for 30 s followed by rinsing in DI water and drying with a nitrogen jet. Deposited metal films were patterned using a lift-off procedure. To form FLG films, the samples were annealed in a Jipelec JetFirst 200C rapid thermal processing system under high vacuum (10 -4 mbar) at 1000-1150 °C for 60 -600 s. Nickel silicide films were stripped by etching in a HF:HNO 3 :CH 3 COOH (1:3:2) mixture for 2 min at room temperature.
Micro-Raman spectra were collected using a LabRAM HP Raman microscope fitted with an argon ion laser. The spectra were taken at room temperature in the confocal backscattering configuration using an excitation wavelength of 514.5 nm and a 100× objective with 0.9 numerical aperture, resulting in a spot size diameter of around 700 nm. Sample surface topography was studied by optical and atomic force microscopy (AFM) using an XE-150 AFM from Park Systems. Fig. 1 shows optical micrographs comparing the annealed film topography before and after the removal of nickel silicide. It is clearly seen that the continuous patterned FLG film remains on the SiC surface after Ni 2 Si removal. Both he formation and the removal of Ni 2 Si were verified using Raman spectroscopy. Fig. 2 compares the Raman spectra of a 20 nm thick Ni film as-deposited (thin, dashed line) with the same film after annealing at 1080 ºC for 600 s (thick, solid line). The spectrum corresponding to the annealed film exhibits the characteristic peaks for Ni 2 Si, i.e., increased intensity in the 100 cm -1 and 140 cm -1 bands compared with the as-deposited Ni film, which confirms the Ni 2 Si formation. Similarly, the removal of Ni 2 Si was also verified by Raman. The spectrum for the FLG film after the Ni 2 Si etching is shown by the dotted line. It exhibits low intensity in the 100 cm -1 and 140 cm -1 bands which confirms the Ni 2 Si removal. The formation of FLG films during the solid-state chemical reaction between silicon carbide and the deposited nickel film was also clearly detected by Raman spectroscopy. Typical Raman spectra taken from the grown FLG films formed from initial layers of Ni with thicknesses of 3, 7 and 20 nm are shown in Fig. 3 . The clearly resolved D, G, and 2D bands confirm the graphene formation: the G band at ~1580 cm -1 proves the presence of graphitic domains; the intense 2D band located at ~2707 cm -1 is attributed to long range ordering in FLG; and the D band at ~1350 cm -1 reflects a structural disorder in the films [9] . The minimum thickness of the initial nickel film required to produce a FLG film can be easily calculated using atomic densities of nickel, graphene and silicon carbide. It should also be taken into account that two atoms of nickel form Ni 2 Si and release one carbon atom. Assuming that the Ni 2 Si and FLG films are continuous and do not form islands and 
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holes, this estimation gives the minimum required nickel film thickness of 0.84 nm for formation of a single graphene layer. As a result, the FLG films formed from initial 7 and 3 nm thick nickel are expected to contain no more than 8 and 3 graphene monolayers, respectively. The thickness or number of monolayers (n) constituting each FLG film can be estimated either by the G peak position [10] or by the ratio of the integrated intensities of the G and 2D bands [11] . The spectra in Fig. 3 exhibit a shift of the G band towards higher frequencies with decreasing thickness of the initial Ni film. According to the relation ω G = 1581.6+11/(1 + n 1.6 ) [10] , the number of monolayers found for FLG films with initial Ni layer thickness of 20, 7 and 3 nm were 3 (±1), 2 (±0.5) and 1 (±0.3), respectively.
The surface topography of the FLG films was investigated by AFM. Fig. 4 shows 2.5 × 2.5 µm 2 AFM scans of FLG films produced from initial Ni films of 3, 7 and 20 nm thickness, all annealed at 1080 ºC. There is a clear roughening of the FLG surface with increasing thickness of the initial Ni layer, with the rms roughness growing from 2.5 nm in Fig. 4a (3 nm thick initial Ni) to 9 nm in Fig. 4c (20 nm thick initial Ni). Surface roughening occurs at high temperature during the Ni 2 Si formation and can result in the creation of the island shaped structures observed in figures 4b and 4c, which may compromise the FLG film continuity. In order to test the FLG film continuity, electrical conductivity measurements were carried out using transfer length method (TLM) structures with 4 µm wide stripes. The separation between Ni 2 Si contact pads varied from 4 to 16 µm. Fig. 5 shows the FLG film resistance as a function of the distance for the roughest FLG film (produced from the 20 nm thick initial Ni, shown in Fig. 4c ). Despite the high film roughness, the extracted resistance shows a linear dependence on contact separation, indicating that the film remains continuous. These results suggest that FLG films grown by this procedure can be used to fabricate FLG based electronic devices. 
Summary
Patterned Few Layers Graphene (FLG) films were grown by local solid phase epitaxy from nickel silicide supersaturated with carbon. The process was realised by annealing of patterned Ni films deposited on the carbon-terminated surface of semi-insulating 6H-SiC followed by wet processing to remove the resulting nickel silicide. Raman spectroscopy confirmed both the formation and subsequent removal of nickel silicide during processing. Electrical conductivity measurements using TLM structures confirmed the continuity of the FLG films despite the rough surface observed by AFM on films produced from thick initial Ni layers. Raman spectroscopy was also used to assess the FLG film thickness by monitoring the position of the G band in the Raman spectrum. It was observed that the thickness of the final FLG film increased from 1 to 3 monolayers for initial Ni layers varying from 3 to 20 nm thick. Due to its compatibility with conventional device processing schemes, FLG films grown by this procedure can be used to fabricate FLG based electronic devices. 
